Temperature was not controlled and was similar for all groups. Total scrotal width (TSW) was measured every 4 wk throughout the experiment. During 10 periods, semen was collected and evaluated every other day for 3 wk and sexual behavior was assessed. The S-L stallions exposed to 16 h light in December had twice as much sperm output in February than in November. Within the February collection period, the sperm output for S-L stallions was greater (P<.05) than that for either control or S-S stallions. The stimulatory effect of the S-L photoperiod also resulted in larger (P<.05) testes and decreased (P<.05) time to ejaculation for S-L stallions in February as compared with either controls or S-S stallions. Despite continued exposure to a 16:8 photoperiod, TSW and sperm output for S-L stallions eventually declined; presumably a consequence of photorefractoriness. The S-S stallions had seasonal cycles coincident with those for control stallions. Based on a sine wave model for TSW and sperm output, stallions in all three groups displayed significant seasonal cycles. We conclude that stallions may possess an endogenous circannual rhythm for which changes in daylength act as a synchronizer or modifier, and that photoperiod can be used to modify the seasonal sexual cycle.
I ntroduction
The seasonal influence on reproductive characteristics of stallions is characterized by an increase in testicular size and weight (Pickett et al., 1981; Johnson and Thompson, 1983; Burns et al., 1984) , sperm production and output (Skinner and Bowen, 1968; Pickett et al., 1976 Pickett et al., , 1981 Johnson and Neaves, 1981; Johnson and Thompson, 1983; Berndtson et al., 1983) , and 'Appreciation is extended to Dr. R. K. Shideler for his attention to the medical needs of the animals in this study, to V. M. Cook and L. Tamlin and to all the numerous graduate and undergraduate students whose assistance made this project possible.
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3 Reprint requests to: Anim. Reprod. Lab., Colorado State Univ., Ft. Collins, CO 80523. Received January 27, 1986 . Accepted September 23, 1986 libido (Pickett et al., 1976 (Pickett et al., , 1981 Thompson et al., 1977) during the spring and summer. Long-day breeders, such as the stallion, often are classified in two categories. The term "scotorefractory" describes animals in which spontaneous gonadal recrudescence occurs when the animal is maintained continuously in inhibitory photoperiods (short days); reexposure to long days (stimulatory photoperiod) is required to abolish this refractory state. This mechanism has been well-described for the hamster (Reiter, 1973 (Reiter, , 1975 Zueker and Morin, 1977) . The term "photorefraetory" describes animals in which spontaneous gonadal regression occurs following continuous, prolonged exposure to stimulatory photoperiods (long days); re-exposure to short days is necessary to abolish this photorefractoriness and sensitize the animal so that exposure to long days will result in gonadal recrudescence. This mechanism has been well-described for birds (Farner and Follett, 1966; Wolfson, 1966; Turek, 1975 The objectives of the present experiment were: 1) to test the hypothesis that stallions maintained in long days will become photo~ refractory and 2) to investigate the relative roles of exogenous (photoperiodic stimuli) and endogenous events in controlling the expression of a seasonal sexual cycle by stallions. In addition, with this information we could conclude if an artificial daylength might be used by breeders to improve sperm output and sexual behavior of stallions in February to April.
Materials and Methods
Experimental Design. Semen was collected every other day for 4 wk during June 1982, and seven stallions were assigned to each of three treatments: 1) controls, exposed to ambient (natural) daylength; 2) S-L, exposed to 8 h light and 16 h dark (8:16) for five 4-wk periods beginning July 16, 1982, then switched to 16:8 on December 2, 1982 and exposed to 16:8 until March 1984; 3) S-S, exposed to an 8:16 photoperiod from July 16, 1982 until March 1984 (figure 1). Data collection was based on a 4-wk "month". The 4-wk encompassing the pre-treatment collection period in June, 1982 was mo 1; the experiment extended over 22 4-wk too.
Stallions.Twenty-one stallions, of light horse breeds, between 4 to 15 yr old were acquired prior to June 1982. These stallions had normal seminal characteristics, testicular size and consistency, and sexual behavior (Pickett et al., 1981) . Prior to July 15, 1982, all stallions were housed in 3.7-m 2 stalls in a non-lighted barn. On July 15, 1982, the 14 stallions in groups S-L and S-S were moved to a barn containing two separate light-proof areas in which photoperiod could be controlled independently. Each stall (3.2 • 4.3 m) was illuminated by two 300-W incandescent bulbs supplying approximately 452 lx at horse-eye level in the center of the stalls and 183 lx in the corners. The seven control stallions remained in the original barn, and were exposed to natural daylength. Temperature was not controlled, but was measured and was similar for all three groups. (Gebauer et al., 1974) Ejaculates were collected utilizing an artificial vagina equipped with a 3 7-gin mesh nylon filter (Amann et al., 1983) . Each ejaculate was evaluated for gel volume, gel-free volume, spermatozoal concentration per milliliter of gel-free semen 4, total sperm per ejaculate (billions), pH of gel-free semen, percentage of progressively motile sperm at 37 C determined at 200x using phase-contrast microscopy.
Sexual Behavior. On each of the last nine collection days, the sexual behavior of the stallions was assessed by timing intervals to 1) erection, 2) first mount with an erection and intromission and 3) from erection to ejaculation. The number of mounts per ejaculation also was recorded. width at each measurement period were analyzed by analyses of variance. If the F-test was significant (~ = .05), then treatment means were separated using the Student-NewmanKeuls' procedure (Steel and Torrie, 1980) . Seminal and behavioral data for each collection period were analyzed by analyses of covariance with the pre-treatment values from mo 1 used as the covariate. Differences among means were determined using the Student-Newman-Keuls' procedure.
We postulated that any seasonal cycle should be approximated by a mathematical model based on a sine wave (Mclntosh and Mclntosh, 1980) . Therefore, the arithmetric means within each group and within period for total sperm per ejaculate and total scrotal width were fitted to the following model:
This equation contains four parameters (Pz to P4) and two functions (figure 2). The first function is a straight line (x to x 1 ) that describes the x-axis through which the sine wave fluctuates. This line is described by P~, the yintercept, and P2, the slope (dy/dmonth). The second function is the sine wave that is described by P3, the amplitude of the sine wave, and P4, which has the effect of displacement of the calculated curve along the x-axis. Thus, P4 can be considered as phase such that it is the specific 4-wk mo at which a cycle of 13 4-wk mo, or 2r radians (360~ is completed or begins. Month, as represented on the abscissa in figure 2, corresponds to 4-wk too. For total sperm, the 10 observations occurred in 4-wk mo 1, 4, 6, 9, 11, 13, 15, 16, 18 and 21. testicular size (figure 3). However, the S-L stallions responded to the stimulatory 16:8 photoperiod with an increase in total scrotal width so that by mo 9 they had larger (P<.05) testes than either the control or S-S stallions. This trend continued through mo 13. Thereafter, the testicular size of S-L stallions regressed, which was, presumably, a consequence of photorefractoriness. It is likely that a photorefractory state also was responsible for the regression in testicular size exhibited by control 120 stallions in mid-to late summer. Testicular size was similar (P>.05) for S-S and control stallions ~ 115 in all measurement periods.
Results

Testicular
~" Q When the seasonal cycle in testicular size was ~ I Io fitted to a model using a sine function, all .a estimates for P3 and P4 (amplitude and phase) differed from 0 (table 1) . Thus, a real cycle was ~o I05 present for all three groups of stallions (figure _a 4). The cycle for S-S stallions appeared to lag ~ I o0 behind those for S-L and control stallions, as vevidenced by a slight phase shift to the right on s~ the time axis. The anticipated phase shift to the left for S-L stallions was not evident. We believe 12 that failure to detect a phase shift for S-L stallions, despite the obvious early recrudescence "o of their testes, is an artifact of the curve- stallions was similar to that for controls. However, within 2 mo after switching S-L stallions to the 16:8 photoperiod, their sperm output was greater (P<.05) than that for control or S-S stallions (too 9, figure 5). Thus, by exposing S-L stallions to short days followed by an increased daylength starting in mo 7, it was possible to hasten testicular recrudescence so that maximum sperm output occurred at least 2 mo earlier than in control stallions. The continued exposure of S-L stallions to a 16:8 photoperiod did not prolong the cycle, and regression occurred. Sperm output during mo 11, 13, 15, 16, 18 and 21 was similar (P>.05) among treatments.
S-S
Based on the sine wave model, all of the parameter estimates for amplitude and phase for cyclic changes in sperm output were different from 0 (table 2). In addition, there was a phase shift to the left for the cycle exhibited by S-L stallions (figure 4). This supports the conclusion of Burns et al. (1984) , who speculated that the induction of earlier sexual recrudescence in the stallion might result in an earlier regression.
The volume of gel ejaculated by stallions was not affected (P>.05) by treatment (data not presented). The control stallions exhibited a small yet discernable annual fluctuation in gel output similar to that described by Pickett et al. (1981) . Ejaculate volume as measured by gel-free seminal volume was lower (P<.05) for S-L and S-S stallions than control stallions during mo 6, 9 and 13 (figure 5). Since there was less dilution of the spermatozoal suspension coming from the epididymis, at these times spermatozoal concentration was greater (P<.05) in the ejaculates of S-S and S-L stallions than for control stallions (figure 5).
The lower seminal pH of the ejaculates of S-L stallions in mo 9 may have been a consequence of differences in circulating testosterone levels (Thompson et al., 1980) or changes in accessory sex gland secretions relative to the epididymal contribution (Pickett et al., 1976) . The percentage of progressively motile sperm was not affected by treatment (P>.05), nor was there any apparent fluctuation with season (data not presented). The mean values for a treatment x month interaction ranged from 50.2 to 52.7% progressively motile sperm.
Sexual Behavior. There was a trend, although not significant, toward a shorter interval to erection for S-L stallions in rno 9 and 11 (figure 6). There appeared to be a similar trend (P>.05) for the mean time required to first mount an estrous mare. For time to ejaculation, a stimulatory effect of the 16:8 photoperiod was apparent (figure 6). The total time to ejaculation for S-L stallions was shorter (P<.05) in both mo 9 and 11 than that for control stallions or S-S stallions. When compared with control stallions, there was a reduction (P<.05) in the number of mounts per ejaculation in mo 9 for S-L stallions. Whether this reduction was actually due to photostimulation is problematic because this group was not different (P>.05) from S-S stallions and, in general, control stallions required more mounts to ejaculate than either S-S or S-L stallions.
Discussion
In the present study, we demonstrated a stimulatory effect of increased daylength, following 20 wk of short days, on testicular size, sperm output and sexual behavior of stallions. It appears, however, that normal seasonal recrudescence of testicular function, as exhibited by control stallions, was not initiated by long days. This is because recrudescence leading to peak reproductive capacity in the early summer or late spring was initiated during the fall when daytength was declining. In support of this notion, we found that the nadir in sperm output occurred in September to October, and gradually increased until May or June. This observation would agree with histologic assessments of spermatogenesis by krndtson et al. (1983) , who found lowest sperm production rates in September. They also found that testosterone concentration in the testis was similarly depressed during September and, therefore, tightly coupled to the peripheral levels of this hormone (Berndtson et al., 1974; Kirkpatrick et al., 1977) . Johnson and Thompson (1983) suggested that the increased sperm production by stallions in the breeding season, as compared with the non-breeding season, may be a consequence of both an increase in Sertoli cell numbers and the number of germ cells per Sertoli cell. The depletion of extra-gonadal sperm reserves and the increased collection frequency in the present study may explain the more pronounced seasonal fluctuation in sperm output we observed as compared with data reported by Thompson et al. (1977) .
In terms of a temporal relationship, the seasonal recrudescence of testicular size in control stallions appeared to lag behind that for sperm output. This apparent increase in sperm output prior to an increase in testicular size might reflect an increase in the efficiency of sperm production, i.e., sperm production per gram of testicular tissue, prior to an actual increase of tissue mass (Johnson and Thompson, 1983) . However, the increase in sperm ouput by S-L stallions occurred virtually coincident with the increase in testicular size. Thus, the circannual oscillation of reproductive function of the stallion may have photo-inducible and photo-independent components. Photoindependent testicular regression commenced during mid-to late summer, and may be a consequence of photorefractoriness analogous to that described for birds (Wolfson, 1966; Follett and Davies, 1975; Follett, 1978) .
Based on the testieular regression exhibited by stallions maintained in a 16:8 photoperiod, it is unlikely that photostimulation at, or following, the summer solstice would be effective in prolonging heightened reproductive function or, more properly, delaying testicular regression. However, such a strategy has not been evaluated except with S-L stallions. The ensuing testicular recrudescence appeared to be a function of a combination of exogenous (photo-inducible) and endogenous (photoindependent) events. Clearly, animals mainrained in a short day maintain the capacity to recrudesce despite the lack of exposure to a stimulatory photoperiod. It is feasible that photoperiod simply serves to synchronize an endogenous cycle.
Since testicular regression commenced in mid-summer, we suggest that the normal, physiological role of short days during the fall is not to terminate the breeding season but rather to abolish a refractory condition and re-establish a mechanism whereby the stallion will again be sensitive to increasing daylength or long days. Once the presumptive photorefractory state is terminated, then photostimulation by long days should hasten the inherent recrudescence. The testicular changes associated with such a photo-induced state can, apparently, occur quite rapidly (Johnson and Neaves, 1981) . The advantage of a neuroendocrinegonadal system that anticipates the approaching breeding season, rather than relying on cues generated by critical daylengths during the breeding season, has been discussed (Elliott and Goldman, 1981) and is demonstrable with another long-day breeder, the hamster (Reiter, 1973 (Reiter, , 1975 ) and a short-day breeder, the ram (Lincoln and Davidson, 1977; Ortavant, 1977) . It is not surprising that males, probably more so than females, of many seasonally breeding species rely on an anticipatory system considering the relatively long period of time required for events leading to an increased sperm output.
Although spontaneous rhythmicity of sexual behavior was exhibited, the inhibition and stimulation of libido apparently was somewhat more tightly coupled to critical daylengths (short days or long days) than either sperm output or testicular size. The lag in libidinal recrudescence, relative to testicular recrudescence, may be analogous to the situation described for rams by Lincoln and Davidson (1977) . That is, the restoration of sexual activity in rams was a direct response of short days, and was not coincident with testicular growth or testosterone secretion.
In stallions, estradiol-17fl may have an important role in allowing expression of sexual behavior (Thompson et al., 1980) . Seasonal changes in the concentration of estradioI in peripheral blood were in closer synchrony with the changes in sexual behavior we observed than were seasonal changes reported for testosterone concentration (Berndtson et al., 1974; Wiesner and Kirkpatrick, 1975) . It is interesting that the exposure of stallions to gradually increasing daylength in October resulted in a stimulation of luteinizing hormone and testosterone secretion (Thompson et al., 1977) , but did not stimulate estradiol secretion; furthermore, estradiol secretion was lower the following spring . It is possible that, without a more prolonged exposure to short days as in the present experiment, at least this component of the hypothalamic-pituitary gonadal axis remained refractory to further light stimulation.
We conclude that the stallion does not precisely fit either of the classical paradigms of long-day breeders, as exemplified by hamsters (Reiter, 1975; Zucker and Morin, 1977) and birds (Turek, 1975) . It is possible that the inherent rhythmicity exhibited by stallions in our study was a function of temperature cues (Dutt and Bush, 1955) or some other environmentai signal (Legan and Karsch, 1983) . Endogenous cyclicity has, however, been demonstrated for other seasonally breeding animals (Kinson and Liu, 1973; Michael and Bonsall, 1977; Wickings and Nieschlag, 1980; Howles et al., 1982) . Although caution is required in interpreting our data as conclusive evidence for an endogenous periodicity (Farner and Follett, 1966) , it appears that stallions may possess an endogenous circannual rhythm for which changes in daylength act only as the primary synchronizer. Thus, in the absence of photoperiodic stimuli (i.e., changes in daylength) the endogenous cycle still would be manifested. Possibly, in the abscence of annuai synchronization by short days, this annual cycle eventually would free-run (Davis, 1980) resulting in a drift, on a stallion-by-stallion basis, of the annual interval of maximum reproductive potential.
In conclusion, we believe that the application of artificial illumination could be used to increase the reproductive capacity and improve the sexual behavior of stallions early in the calender year, providing that the stallion is exposed to a period of short days prior to exposure to long days. It is important to recognize that long days per se do not initiate the breeding season. Rather, the increased daylength acts to expedite an ongoing process.
